Developmental angiogenesis and the maintenance of the blood-brain barrier involve endothelial cell adhesion, which is linked to cytoskeletal dynamics. GPR124 (also known as TEM5/ ADGRA2) is an adhesion G protein-coupled receptor family member that plays a pivotal role in brain angiogenesis and in ensuring a tight blood-brain barrier. However, the signaling properties of GPR124 remain poorly defined. Here, we show that ectopic expression of GPR124 promotes cell adhesion, additive to extracellular matrix-dependent effect, coupled with filopodia and lamellipodia formation and an enrichment of a pool of the G protein-coupled receptor at actin-rich cellular protrusions containing VASP, a filopodial marker. Accordingly, GPR124-expressing cells also displayed increased activation of both Rac and Cdc42 GTPases. Mechanistically, we uncover novel direct interactions between endogenous GPR124 and the Rho guanine nucleotide exchange factors Elmo/Dock and intersectin (ITSN). Small fragments of either Elmo or ITSN1 that bind GPR124 blocked GPR124-induced cell adhesion. In addition, G␤␥ interacts with the C-terminal tail of GPR124 and promotes the formation of a GPR124 -Elmo complex. Furthermore, GPR124 also promotes the activation of the Elmo-Dock complex, as measured by Elmo phosphorylation on a conserved C-terminal tyrosine residue. Interestingly, Elmo and ITSN1 also interact with each other independently of their GPR124-recognition regions. Moreover, endogenous phospho-Elmo and ITSN1 co-localize with GPR124 at lamellipodia of adhering endothelial cells, where GPR124 expression contributes to polarity acquisition during wound healing. Collectively, our results indicate that GPR124 promotes cell adhesion via Elmo- 5 The abbreviations used are: ADGR, adhesion G-protein-coupled receptor;
Dock and ITSN. This constitutes a previously unrecognized complex formed of atypical and conventional Rho guanine nucleotide exchange factors for Rac and Cdc42 that is putatively involved in GPR124-dependent angiogenic responses.
Essential functions of blood vessels in the brain, including the formation of a tight blood-brain barrier, are established during developmental angiogenesis. They involve coordinated actions of multiple receptors and signaling systems (1) . Among them, recent evidence supports a fundamental role of GPR124 (G-protein-coupled receptor 124) in brain angiogenesis and in proper establishment of the blood-brain barrier. Fetal GPR124-knock-out mice show limited remodeling of their brain vasculature and present leakiness of cerebral blood capillaries, leading to deadly intracranial hemorrhages and formation of glomeruloid vascular structures (2) (3) (4) . In such developmental process, GPR124 functions as a Wnt7a/b coreceptor, providing specificity to Frizzled4-dependent gene expression signaling pathways controlled by ␤-catenin (5, 6) , as well as a promoter of endothelial cell remodeling via yet to be identified signaling pathways.
GPR124 was first identified as tumor endothelial marker 5 (TEM5, recently renamed as ADGRA2) detected as an up-regulated transcript in tumor endothelial capillaries from human colorectal cancers (7) . This adhesion G protein-coupled receptor (ADGR) 5 family member has been implicated in VEGF-dependent (8) and -independent (2) cell migration events, indicating its stimulatory effect on actin cytoskeleton remodeling signaling pathways. In this regard, interfering with the activity of Cdc42 (cell division cycle 42; a member of the Rho family of small GTPases, particularly linked to filopodia formation) decreases GPR124-dependent directional sprouting (2) . However, it has not been directly addressed whether GPR124 does stimulate Cdc42 and what are the molecular effectors linking to this and perhaps other RhoGTPases, putatively involved in the morphological adjustments occurring in endothelial cells during angiogenic events.
Two unrelated groups of guanine nucleotide exchange factors (RhoGEFs) regulate the activity of Rho proteins: the Dbl homology (DH)-and dedicator of cytokinesis (Dock)-Rho-GEFs, constituted by 70 and 11 members per family, respectively (9 -11) . Members of these two classes of RhoGEFs are reported to act downstream of some ADGRs (12) (13) (14) (15) . In the case of Dock proteins, they are atypical GEFs that form functional complexes with Elmo (engulfment and cell motility), which interacts with ADGRs, such as BAI1 and BAI3, promoting Rac activation (13, 14) . The Elmo-Dock system also participates in chemotactic responses elicited by conventional GPCRs, such as CXCR4 (C-X-C chemokine receptor type 4) (16, 17) , which also activate G protein-regulated RhoGEFs (18, 19) . Thus, the C-terminal regions of GPCRs as well as an intermediary role of heterotrimeric G protein subunits, such as G␣ 12/13 , G␣ q , or G␤␥, have been mechanistically linked to the regulation of multiple RhoGEFs (20 -23) .
Intersectin 1/2 (ITSN1/2), DH-domain RhoGEFs, stand out as a particularly multifaceted group of signaling scaffolds. Both ITSNs are expressed in endothelial cells (10) , where they contribute to maintain intercellular adhesions (24) . They are best known as participants in the endocytic machinery (25) , which affects GPCR signaling and trafficking (26) . Recently, ITSN1 and ITSN2 have been identified as components of breast cancer cell invadopodia, where actin polymerization is highly dynamic (27) . Structurally, ITSN1/2 are highly complex Cdc42-specific RhoGEFs composed by multiple domains, including two EH (Eps15 homology) one CC (coiled-coil region), five SH3 (Src homology 3), one DH-PH module (composed of a DH domain followed by a pleckstrin homology (PH) domain, characteristic of the group of DH-domain RhoGEFs), and a C2 C-terminal domain (25) . In the present study, we explored the signaling mechanisms by which GPR124 regulates cell adhesion and found that two distinct families of RhoGEFs, Elmo-Dock180 and ITSN1/2, form a complex together and also directly interact with GPR124, forming a complex involved in GPR124 signaling pathways during cell adhesion.
Results

GPR124 promotes cell adhesion, polarity, filopodia formation, and activation of Cdc42 and Rac1 (Ras-related C3 botulinum toxin substrate 1) GTPases
Accumulating evidence highlights the importance of GPR124 in developmental angiogenesis as well as tumor-induced angiogenesis, processes where this orphan adhesion GPCR modulates endothelial permeability and cell migration, indicating its contribution to adhesive properties and shape adjustments of endothelial cells (2-4, 7, 8, 28) . To address the molecular mechanisms by which GPR124 controls cytoskeletal dynamics and cell adhesion, we hypothesized that this orphan receptor recruits RhoGEFs. First, we used a gain-of-function approach, in COS7 cells lacking GPR124 expression, to investigate whether ectopic expression of EGFP-tagged GPR124 modulates cell adhesion compared with EGFP-CAAXexpressing control cells. As shown in Fig. 1A , the number of EGFP-positive adherent COS7 cells was significantly higher in the group expressing GPR124. Additionally, GPR124 had an additive effect that increased the number of adherent cells plated on collagen IV and fibronectin substrates ( Fig. 1B) . Besides, it was insensitive to pertussis toxin (Fig. 1C, PTX) , indicating that GPR124 promotes cell adhesion via a G i -independent pathway. We then monitored the morphology of the adherent cells and found that GPR124 expression promoted filopodia formation ( Fig. 1D ). Moreover, by confocal microscopy, we detected a pool of GPR124 that localized at actin-rich protrusions also containing VASP, a filopodial marker (29) (Fig.  1E ). Because filopodia are known to be formed as a consequence of the activation of Cdc42 (30, 31) , we assayed whether this morphological effect of GPR124 expression correlated with the activation of the Rho GTPases Rac1 and Cdc42. Using a pulldown assay to capture GTP-bound Cdc42 and Rac, based on their affinity for the CRIB region of PAK fused to GST, we revealed that GPR124 expression led to a significant activation of Cdc42 in cells left to adhere for 30 min (Fig. 1F, left) . In the case of Rac, we detected a consistent increase on its activation in GPR124-expressing cells; however, the difference was not statistically significant when compared with control cells expressing EGFP-CAAX ( Fig. 1F, center) . The expression of GPR124 in total cell lysates of these cells was confirmed by Western blotting (Fig. 1F, right) . To investigate whether these effects of GPR124 were conserved in endothelial cells, we first investigated the localization of endogenous GPR124 in human umbilical vein endothelial cells (HUVECs) left to adhere for 30 min and its potential co-localization with filamentous actin. As shown in Fig. 1G (left), we detected a pool of endogenous GPR124 localized at extensions of adhering cells by confocal microscopy. Consistent with a role of GPR124 in cell adhesion and cytoskeletal dynamics, polymerized actin was also prominent in endothelial cell projections observed in adhering cells ( Fig. 1G, right) . Next, to determine the potential role of GPR124 in endothelial cell polarity acquired during migration, we performed wound-healing assays in control and GPR124-knockdown HUVECs. The perinuclear localization of the Golgi apparatus, oriented toward the wound within the area limited by a 120º angle, was considered as a positive indicator of polarized morphology ( Fig. 1H , left; asterisk used to mark polarized cells). Interestingly, in GPR124 knockdown cells, we found a significant decrease in the number of polarized cells at the edge of the wound (Fig. 1H , right, top graph). Consequently, we next aimed to investigate the molecular mechanisms underlying GPR124dependent cell adhesion.
GPR124 interacts with G␤␥ and Elmo-Dock, promoting the activation of this atypical RhoGEF
The signaling mechanisms by which most ADGRs promote cell adhesion and migration are poorly understood. Emerging evidence points to a paramount role of their C-terminal tail connecting to molecular scaffolds and guanine nucleotide exchange factors of the Elmo-Dock family, as well as heterotrimeric G protein-dependent pathways linking to the activation of Rho GTPases (32, 33) . Considering the fundamental roles played by G␤␥ as a GPCR transducer directly activating guanine nucleotide factors for Rho GTPases, we hypothesized that GPR124 recruits this heterodimeric transducer and the Elmo-Dock complex to activate it ( Fig. 2A ).
Based on the demonstrated effect of GPR124 promoting cell adhesion, we predicted that this receptor might remain as a component of an isolated adhesion complex in which its signaling effectors might also be detected. To start addressing this possibility, COS7 cells adhering for 30 min were lysed, and then adhesion complexes were washed, and proteins that remained bound to the plate were recovered with Laemmli sample buffer. As predicted, FLAG-GPR124 -GFP was detected in the isolated adhesion complex that also contained G␤␥ (Fig. 2B , first and second blots). The absence of AKT, used as a cytosolic marker, indicated the lack of cytosolic contaminants in the isolated adhesion complex ( Fig. 2B, third blot) . The presence of G␤1, AKT, and ERK in total cell lysates served as loading controls, whereas the presence of transfected GPR124 was confirmed with antibodies against GFP (Fig. 2B , bottom, TCL). Consistent with the lack of effect of pertussis toxin on GPR124dependent cell adhesion, GPR124 was detected in the isolated adhesion complex irrespective of the treatment with this toxin (Fig. 2B, top) . Interestingly, we found a novel interaction between the GPR124 C-terminal tail and G␤ 1 ␥ 2 (Fig. 2C ). Then we explored whether the G␤␥ heterodimer, identified as a putative transducer of GPR124, could directly interact with Elmo. A recent report described that stromal cell-derived factor 1 (SDF-1) induces the interaction between G␤␥ and Elmo by the chemotactic CXCR4 GPCR in HeLa cells (16) . We confirmed that G␤ 1 ␥ 2 interacts with Elmo1 in serum-starved HEK293T cells ( Fig. 2D ). This interaction was reduced when G␣ i subunit was co-expressed (data not shown), raising the possibility that G␤ 1 ␥ 2 recognizes Elmo1 as an effector. Then we examined the cellular localization of endogenously activated Elmo-Dock180 in endothelial cells and whether it co-localized with endogenous GPR124 during this process. Using confocal microscopy to address this, we found that Elmo phosphorylated at Tyr-713, which is indicative of its active state (34) , co-localized with GPR124 at cell projections ( Fig. 2E ). We next confirmed these cellular data by demonstrating that GPR124 overexpression is sufficient to promote Elmo phosphorylation at Tyr-713 by Western blotting (Fig. 2F ). These data suggest that GPR124 interacts with Elmo-Dock180 to promote its activity.
GPR124 C-terminal tail interacts with Elmo-Dock
Considering that BAI1 and BAI3, ADGRs homologous to GPR124, function in part via their interaction with Elmo-Dock180 (13, 14) , we explored whether GPR124 interacts directly with Elmo. First, full-length FLAG-GPR124 expressed in HEK293T cells was immunoprecipitated, and endogenous Elmo was revealed as an interactor in basal conditions, as well as during cell adhesion (Fig. 3A ). In addition, GPR124 lacking its C-terminal tail lost its ability to interact with Elmo ( Fig. 3B ). Because G␤ 1 ␥ 2 heterodimer interacted with both GPR124 and Elmo, we assessed its effect on the interaction between GPR124 C-terminal tail and Elmo and found that this association was positively modulated by G␤ 1 ␥ 2 (Fig. 3C ). Additionally, the GPR124 C-terminal tail was able to associate with the three variants of Elmo in complex with Dock180 ( Fig. 3D ). We characterized this interaction using truncated forms of Elmo to map the region recognized by the GPR124 C-terminal tail. Pulldown assays revealed that the central region of Elmo contains the minimal binding site required to associate with the C-terminal tail of GPR124, which is different from the N-terminal region of Elmo binding to G␤␥ (16) (Fig. 3E ). This minimal region, corresponding to the ELM domain, was tagged with Myc and used to test its effect on GPR124-dependent adhesion of transfected COS7 cells. Consistent with a role of Elmo in GPR124-dependent cell adhesion, this module blocked the effect of this receptor on cell adhesion, suggesting a competition with endogenous Elmo (Fig. 3F ). Collectively, these results demonstrate a direct interaction between Elmo, via its ELM domain, and GPR124 that is essential for cell adhesion. Adhesion assays were performed using serum-starved COS7 cells expressing GFP-tagged GPR124 or EGFP-CAAX, used as control. Cells were fixed with 4% PFA, and images were taken with a Nikon Eclipse Ti inverted microscope and analyzed with NIS-Elements software. The graph shows the mean Ϯ S.E. (error bars) of adherent GFP-positive cells for each condition (Student's t test; *, p Ͻ 0.05; n ϭ 4). Representative fields below the graph show adherent cells at 30 min, and the inset shows all EGFP-positive cells before non-adherent cells were washed away. B, GPR124 shows an additive effect on cell adhesion to collagen IV and fibronectin. COS7 cells transfected with EGFP-CAAX (control plasmid (Ctrl)) or GPR124 -GFP were plated on plastic, collagen IV, or fibronectin for 30 min. Adherent cells were analyzed using ImageJ software. The graph shows the mean Ϯ S.E. of adherent GFP-positive cells (*, p Ͻ 0.05; ***, p Ͻ 0.001). Statistics were performed using one-way ANOVA followed by Tukey's multiple-comparison post hoc test (n ϭ 3). C, inhibition of G i heterotrimeric proteins does not alter GPR124-dependent cell adhesion. Control (Ctrl; EGFP-CAAX) or GPR124 -GFP-transfected COS7 cells were treated overnight and during 30 min adhesion assays with vehicle or pertussis toxin (PTX; 200 ng/l). Fixed adherent cells were analyzed using ImageJ software. The graph shows the mean Ϯ S.E. of GFP-positive cells and was analyzed by one-way ANOVA followed by Tukey's multiple-comparison post hoc test (*, p Ͻ 0.05; n ϭ 3). D, GPR124 induces filopodia formation. The morphology of COS7 cells expressing GPR124 -GFP was monitored in cells left adhering for 30 min and compared with control COS7 cells expressing EGFP-CAAX. Statistics were performed by Student's t test (***, p Ͻ 0.0005; n ϭ 3). Representative cells are shown at the bottom of the graph. E, GPR124 localizes at VASP-positive filopodia in adhering cells. COS7 cells transfected with GPR124 -GFP and mCherry-VASP, a filopodial marker, were subjected to adhere for 30 min, fixed, stained for F-actin, and analyzed by confocal microscopy. About 75% of VASP-positive filopodia protrusions per cell were also positive for GPR124 -GFP (graph in the right panel). A representative cell is shown at the left. Cellular protrusions positive for either GPR124 and VASP or GPR124 and F-actin are indicated by arrowheads in the merged images. At least 30 cells were analyzed by confocal Leica TCS SP8 using a ϫ100 objective. The graph shows the mean Ϯ S.E. (n ϭ 3). One-way ANOVA followed by Tukey's multiple-comparison post hoc test was performed for statistics (****, p Ͻ 0.0001). F, GPR124 promotes activation of Cdc42 and Rac GTPases. Serum-starved cells expressing either GPR124 -GFP or control EGFP-CAAX cells were lysed and incubated with PAK-N beads to capture active Cdc42 and Rac1. Cdc42-GTP and Rac1-GTP were identified by Western blotting. Cdc42-GTP was increased in COS7 cells expressing GPR124. The graph shows the mean Ϯ S.E. of normalized Cdc42 and Rac activation (Student's t test; *, p Ͻ 0.05; n ϭ 3). G, GPR124 is localized at cell projections of adhering endothelial cells. Endogenous GPR124 (top) was localized with filamentous actin (bottom) at cell projections of HUVECs (white arrowheads) left to adhere for 30 min (similar results were observed in 36 of 60 cells). Bar, 20 m. H, GPR124 is required to polarize HUVECs. HUVECs with siRNA knockdown of GPR124 (siGPR124) were less polarized at the edge of the wound than siRNA control (siCTL). Nuclei were stained with DAPI (blue), and filamentous actin was visualized with green fluorescent phalloidin. Cells in which GM130 (a Golgi marker; red) did not localize within a 120°angle facing the wound were considered as non-polarized cells. At least 100 cells near the wound edge were randomly examined. The percentage of polarized cells is shown in the top graph (right). Data are represented as mean Ϯ S.E. (Student's t test; *, p Ͻ 0.05; n ϭ 3). GPR124 knockdown was confirmed by quantitative RT-PCR (right, bottom graph).
GPR124 interacts with intersectins via its C-terminal tail, which exhibits affinity for ITSN SH3 modules
Exploiting the Scansite 2.0 bioinformatic platform, we found that the GPR124 C-terminal tail contains a predicted ITSN1 interaction site with putative affinity for one of the SH3 domains of this Cdc42-specific RhoGEF (schematized in Fig.  4A ). We therefore investigated by confocal immunofluorescence the localization of endogenous ITSN and GPR124 in HUVEC endothelial cells left to adhere for 30 min. Interestingly, we found that ITSN localizes with GPR124 at the extensions of adhering cells (Fig. 4B ). To directly test the predicted interaction between GPR124 C-terminal tail and full-length ITSN, we transfected HEK293T cells and performed GST-GPR124 C-terminal tail pulldown assays. We found that the GPR124 C-terminal region interacted with both ITSN1 and ITSN2 (Fig. 4C ). To confirm that the predicted SH3 A-E module of ITSNs was involved in the interaction with GPR124, we generated constructs containing in tandem the five SH3 domains of ITSN1 and ITSN2. As predicted by in silico analysis, full-length GPR124 as well as the fragment corresponding to its C-terminal tail interacted with both ITSN1/2 SH3 A-E modules (Fig. 4 , D and E). Next, using individual recombinant SH3 domains of ITSN1, we explored the potential selectivity of the GPR124 C-terminal tail for any of them, finding that it associates with all of them ( Fig. 4F ). However, full-length GPR124 preferentially interacted with the ITSN1-SH3 D domain (Fig. 4G) . These results demonstrate a novel interaction between GPR124 and the Cdc42-specific RhoGEFs ITSN1/2.
GPR124-dependent cell adhesion is mediated by its interaction with ITSN, which directly interacts with Elmo-Dock180, forming a signaling complex that co-localizes with GPR124
We next hypothesized that ITSN directly interacts with Elmo to integrate GPR124 signaling ( Fig. 5A ). By immunoprecipitating Elmo followed by immunoblotting against ITSN, we revealed the existence of a complex between these signaling proteins in adhering COS7 cells ( Fig. 5B ). To further characterize the interaction between Elmo and ITSN, we did pulldown assays with the individual recombinant SH3 domains of ITSN1 and found that ITSN1-SH3 C and ITSN1-SH3 E were the best Elmo interactors (Fig. 5C ). In contrast, a mutant Elmo with a modified PXXP motif at its C terminus did not interact with ITSN1-SH3 C (Fig. 5D ). Because the ITSN-SH3 A-E region plays a central role in the interaction with Elmo as well as GPR124, we investigated the effect of this ITSN1-SH3 module as a potential inhibitor of GPR124-dependent cell adhesion in COS7 cells. As predicted, the ITSN1-SH3 A-E module inhibited the pro-adhesion effect of ectopically expressed GPR124 (Fig. 5E ). Next, we investigated the presence of Elmo and ITSN in the adhesion complex isolated from adhering COS7 cells previously shown to contain GPR124 and G␤␥. Similar to the results shown in Fig.  2B , FLAG-GPR124 and endogenous G␤␥ were detected in the isolated adhesion complex, which also contained endogenous Elmo and ITSN (Fig. 5F ). Furthermore, using the proximity ligation assay (PLA), we demonstrated that endogenous GPR124 interacts with endogenous Elmo2 as well as with endogenous ITSN1 in endothelial cells (HUVECs). The PLA signals were revealed as red dots per field, which were next normalized to the number of cells in the field (DAPI signal) to obtain the average PLA counts per cell ( Fig. 5G ). No background signal was detected when only GPR124, Elmo2, or ITSN1 antibodies were used ( Fig. 5G , graph at the bottom). To visualize the localization of Elmo, ITSN, and GPR124 in endothelial cells left to adhere for 30 min, we used specific antibodies to detect these endogenous proteins. By immunostaining, we found that GPR124 localizes with ITSN and Elmo at the extensions of adhering cells (Fig. 5H ). Altogether, these results are consistent with the idea that GPR124 promotes cell adhesion via direct interactions with a signaling complex composed of Elmo-Dock and ITSN.
Discussion
GPR124 plays a critical role during developmental brain angiogenesis and the establishment of the blood-brain barrier (2) (3) (4) . These processes are probably mediated by the role of this orphan ADGR as a Frizzled4 co-receptor specifying Wnt7a/b signaling to promote ␤-catenin-regulated gene expression (5, 6) and its ability to dynamically control cell morphology via undefined mechanisms. In vitro, GPR124 has been linked to cell sprouting, therefore suggesting that this ADGR engages Rho-GEFs to activate Rac and Cdc42 (2, (35) (36) (37) (38) . Here, we tested the hypothesis, schematically represented in Fig. 5A , that GPR124 promotes cell adhesion via direct interactions with Elmo-Dock180 and ITSNs, RhoGEFs for Rac and Cdc42 GTPases, respectively (9, 25) .
Because the identity of GPR124 agonist is unidentified, we used a gain-of-function approach to investigate whether its expression in cells that normally lack this ADGR stimulates Cdc42 and Rac members of the family of Rho GTPases and promotes cell adhesion via interactions with Elmo-Dock and ITSNs. Furthermore, we investigated whether these molecular events correlated with the localization of endogenously Control and GPR124-expressing COS7 cells left to adhere for 30 min were lysed, and proteins at adhesion complexes that remained attached to the plates were washed and recovered with Laemmli sample buffer. FLAG-GPR124 -GFP and G␤␥ were detected by Western blotting in the isolated adhesion complexes as well as in total cell lysates (TCL). AKT was used as a cytosolic marker (absent in the isolated adhesion complex) and, together with ERK, served as loading controls in total cell lysates. C, GPR124 C-terminal tail interacts with G␤ 1 ␥ 2 subunits. HEK293T cells were co-transfected with GST-GPR124 C-terminal tail (G124 Ct ) and FLAG-G␤ 1 ␥ 2 , and the interaction between GPR124 C terminus and G␤ 1 ␥ 2 was detected by GST pulldown assays. D, Elmo interacts with G␤ 1 ␥ 2 . HEK293T cells were co-transfected with GFP-Elmo and FLAG-G␤␥ or pCEFL-vector as control. The interaction between Elmo and G␤ 1 ␥ 2 was confirmed by coimmunoprecipitation. E, phospho-Elmo is localized with GPR124 at cell projections during endothelial cell adhesion. Localization of phospho-Elmo and GPR124 was visualized by confocal microscopy in HUVECs left to adhere for 30 min, using specific antibodies. Phospho-Elmo (Tyr-713) and endogenous GPR124 were enriched at cell protrusions (white arrowheads) of adhering cells. Similar results were observed in 95 of 142 cells. Co-localization was confirmed by assessing three different points in cell protrusions of three independent experiments. Scale bar, 20 m. F, GPR124 promotes phosphorylation of Elmo at Tyr-713. Phospho-active Elmo (ElmoY713) was found in GPR124-expressing HEK293T cells compared with control HEK293T cells transfected with pCEFL vector (Ctl). The graph shows the mean Ϯ S.E. (error bars) of Elmo phosphorylation (Student's t test; **, p Ͻ 0.01; n ϭ 3). Figure 3 . GPR124 C-terminal tail interacts with Elmo-Dock. A, interaction between GPR124 and endogenous Elmo in basal conditions and during cell attachment. FLAG-tagged GPR124 was immunoprecipitated from total cell lysates of HEK293T cells in basal and cell adhesion conditions, and endogenous Elmo associated with GPR124 was detected by Western blotting. B, the GPR124 C terminus is required to bind Elmo. Cell lysates from HEK293T cells expressing GFP-Elmo1 and either FLAG-GPR124 (WT) or FLAG-GPR124 lacking its C terminus (⌬C-ter) were subjected to immunoprecipitation with FLAG antibody. GFP-Elmo1 was able to interact with FLAG-GPR124 WT but not with the FLAG-GPR124 truncated version (⌬C-ter). C, association between Elmo and the GPR124 C-terminal region is increased in the presence of G␤ 1 ␥ 2 . HEK293T cells were co-transfected with the GST-GPR124 C-terminal construct (GPR124 C-ter ) and GFP-Elmo1 in the presence or absence of FLAG-G␤ 1 ␥ 2 . GST-vector was used as control (Ctrl). GST pulldown assays were performed, and the effect of G␤␥ on the interaction between GFP-Elmo and GST-GPR124 C terminus was analyzed by Western blotting. D, GPR124 C terminus interacts with three variants of Elmo. GST pulldown assays were performed with cell lysates from HEK293T cells expressing FLAG-Dock180 and GST-C terminus of GPR124 (GPR124 C-ter ) together with each variant of Elmo tagged with the Myc epitope. All three variants of Elmo, in complex with Dock180, were detected in association with GST-GPR124 C terminus by Western blotting. E, GPR124 interacts with the central region of Elmo. Different Myc-tagged fragments of Elmo1 and GST-GPR124 C terminus (GST-GPR124 C-ter ) were co-transfected in HEK293T cells. GST pulldown experiments were performed, and full-length Elmo1 and the Myc-Elmo1 fragments interacting with GST-GPR124 C-ter were detected by Western blotting (top). The fragments of Elmo1 containing the ELM domain interacted with the GPR124 C terminus, whereas Elmo1(1-315) did not. expressed GPR124, Elmo, and ITSN in endothelial cells during adhesion. We found that ectopically expressed GPR124 promotes cell adhesion with the concurrent activation of Cdc42 and Rac small GTPases. Furthermore, consistent with a previous report in Myc-GPR124 -expressing HEK293T cells (4), this receptor increases filopodia formation. Compatible with its potential role regulating the actin cytoskeleton, GPR124 localizes to these cellular protrusions, known as prominent cellular readouts of Cdc42 activity (30, 31) , identified as filopodia by the presence of VASP (29) .
GPR124 promotes cell adhesion via Elmo-Dock and intersectin
According to our results, cell adhesion promoted by GPR124 is additive to the effect of extracellular matrix proteins, such as collagen IV and fibronectin. Interestingly, a soluble N-terminal construct of GPR124, including an RGD motif, serves as substrate for endothelial cell adhesion putatively being recognized by integrins (39) . These findings support an extended role of
GPR124 signaling from its importance at cell-cell adhesions, relevant to maintain the blood-brain barrier, to a dynamic role during adhesion, critical for capillary remodeling, which is one of the processes with observed defects in GPR124-knock-out mice (4) . Consistently, fibronectin and collagen IV are known as efficient adhesion substrates for the rat brain endothelial cell line (GPNT) as well as for primary rat brain endothelial cells. These adhesive glycoproteins are highly expressed after cerebral ischemia (40) . In this pathological condition, GPR124 positively regulates the expression of laminin and collagen IV as well as Wnt signaling (41) .
In adhering endothelial cells, endogenously expressed GPR124 co-localizes with polymerized actin at lamellipodia extending at the cell edges, indicative of Rac activity (42) . Furthermore, knockdown of GPR124 decreased endothelial cell polarization induced by scratching the cell monolayer. These findings, and the reported requirement of Cdc42 in the process of orientated migration of GPR124-expressing bEND3 endothelial cells following a gradient of forebrain conditioned medium (2), prompted us to directly address the interaction of GPR124 with Elmo-Dock, known to be critical transducers of the BAI group of ADGR receptors (13, 14) ; the potential role of G␤␥, recently described as an Elmo interactor (16) , and a significant transducer of GPCR signaling to Rac (23, 43) ; and the potential interaction with ITSNs, which constitute a family of Cdc42-specific RhoGEFs of the Dbl domain group linked to vesicle trafficking and cell polarity (44, 45) . ITSNs were postulated as GPR124 interactors because the ITSN1-SH3 module, in particular, was identified by bioinformatics as a potential interactor of the GPR124 C-terminal tail. Consistent with these possibilities, we found the existence of a signaling complex between Elmo-Dock180 and ITSNs, representing, to the best of our knowledge, a completely new concept in terms of signaling integration in which two distinct classes of atypical and conventional guanine nucleotide exchange factors specific for Rho GTPases, members of the Dock and Dbl families, respectively, are integrated into a functional complex.
Most GPCRs activate heterotrimeric G proteins as transducers of adhesion-related and chemotactic signaling pathways. It is known that G␤␥ subunits activate the Rac GTPase through its interaction with GEFs of the Dbl family, contributing to recruit them to the cell membrane (23, 43, 46) . In addition, recent evidence indicates that Elmo is a direct effector of G␤␥ stimulated by CXCR4 chemotactic receptors (16) . In the current work, we confirmed that G␤␥ associates with Elmo (16) and also demonstrated that G␤␥ directly interacts with the GPR124 C-terminal tail, increasing the association of this region with Elmo. The GPR124 C-terminal tail interacts with Elmo1, Elmo2, and Elmo3, in all cases in complex with Dock180, indicating a possible redundancy of these complexes in GPR124-dependent cell adhesion. Thus, we used the central region of Elmo, mapped as the minimal interacting domain, to assess its effect on cell adhesion. Consistent with a role of the Elmo-Dock system in GPR124-stimulated cell adhesion, the ELM domain of Elmo inhibited this effect, indicating that GPR124 uses the G␤␥-Elmo-Dock system to promote cell adhesion. Furthermore, GPR124 co-localizes with phospho-Elmo during endothelial cell adhesion, and, as revealed by a gain-of-function approach in HEK293T, GPR124 expression promotes Elmo activation, as evidenced by its phosphorylation at Tyr-713/720. The identity of the kinase involved in GPR124dependent Elmo phosphorylation remains to be elucidated. Putatively, receptor tyrosine kinases may be involved. Emerging evidence indicating a role of GPR124 in VEGF-dependent cell migration (8) raises the possibility that this receptor tyrosine kinase might be involved in Elmo regulation downstream of GPR124 in endothelial cells. In Drosophila border cells, the Elmo-Dock system is an essential player downstream of PDGFand VEGF-related receptors during the initial phase of collective migration (47) . In addition, previous work demonstrated that Axl, a receptor tyrosine kinase, leads to the phosphorylation of Elmo, essential for Dock180-mediated Rac activation, in breast cancer cells (34) .
Independently of its interaction with Elmo, GPR124 also directly interacts with ITSNs, which constitute a particularly complex subgroup of DH-domain RhoGEFs specific for Cdc42. The GPR124 C-terminal tail interacts with the five individual SH3 domains of ITSN1. Nevertheless, full-length GPR124 preferentially interacts with the ITSN1-SH3 D domain. Because it is known that the ITSN1-SH3 region interacts with multiple signaling proteins (48 -51) , our results point to the interesting possibility that GPR124 brings about a macromolecular signaling complex including the G␤␥-Elmo-Dock and ITSN systems, each of them exhibiting specific GPR124-interacting domains and also showing direct interactions between them. Specifically, the Elmo C-terminal proline-rich region interacts with ITSN-SH3 A , -SH3 C , and -SH3 E but not ITSN-SH3 D , 
. GPR124 interacts with intersectins via its C-terminal tail, which exhibits affinity for ITSN SH3 modules.
A, schematic representation GPR124 in complex with ITSN. B, GPR124 localizes with ITSN at cell projections of adherent cells. Endogenous GPR124 and ITSN were visualized by immunostaining in HUVECs left to adhere for 30 min. Analysis by confocal microscopy showed that GPR124 localized with ITSN at the cell membrane during cell attachment (white arrowheads). Co-localization was measured, selecting three different areas at cell protrusions from three independent experiments. Similar results were observed in 65 of 124 cells. Scale bar, 20 m. C, GPR124 interacts with ITSN1 and -2. HEK293T cells were co-transfected with GST-GPR124 C terminus (GPR124 C-ter ) and full-length HA-intersectin 1 (HA-ITSN1L) or 2 (HA-ITSN2L). GST pulldown assays were performed, and ITSN1 and ITSN2 associated with GPR124 were revealed by Western blotting. GST was used as a control (Ctrl). D, the GPR124 C terminus interacts with SH3 domains of ITSNs. HEK293T cells were co-transfected with SH3 A-E domains of ITSN1 or ITSN2 and GST-GPR124 C terminus. GST pulldown assays were performed, and SH3 A-E domains of both ITSNs were able to specifically associate with the GPR124 C terminus. GST-vector was used as a control (GST ϩ). E, full-length GPR124 interacts with ITSN1/2-SH3 A-E domains in HEK293T cells. Cells were transfected with FLAG-tagged full-length GPR124 and GST-ITSN1-SH3 A-E or GST-ITSN2-SH3 A-E . GST pulldown experiments were performed, and full-length GPR124 was detected associated with SH3 A-E domains of both ITSNs. GST was used as a control. Expression of transfected proteins was confirmed in total cell lysates (TCL). F, the GPR124 C terminus directly interacts with all five SH3 domains of ITSN1. HEK293T cells were transfected with FLAG-GPR124 C terminus. GST pull-down assays were performed using individual GST-recombinant SH3 domains (A-E; shown at the bottom, stained with Ponceau) of ITSN1 or GST-vector, used as control. All ITSN1-SH3 domains interacted with the GPR124 C terminus, the ITSN1-SH3 D domain being a more effective interactor. G, full-length GPR124 preferentially interacts with ITSN1-SH3 D domain. Cells were transfected with full-length FLAG-GPR124. GST pull down assays using the individual recombinant GST-ITSN1-SH3 domains (A-E) or GST-vector, used as control, showed that GPR124 preferentially interacts with ITSN1-SH3 D . Error bars, S.E. which is the preferred GPR124 binding domain. These signaling complexes mediate GPR124-dependent cell adhesion, as indicated by the inhibitory effect of the GPR124-interacting domains derived from both Elmo and ITSN. In addition, the Elmo-ITSN interaction is established during cell adhesion, even in the absence of GPR124, indicating that this signaling complex might be available for other signaling pathways in addition to the one elicited by GPR124. Altogether, our studies sustain an important role for GPR124 in cell adhesion via its interaction with Elmo-Dock and ITSNs. Further studies are warranted to assess these findings in different systems under diverse pathophysiological conditions, including brain
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microvascular endothelial cells known to show phenotypic peculiarities.
The signaling properties of GPR124 and most other adhesion GPCRs are much less characterized than those of other GPCR families (52) (53) (54) . Here, we show that GPR124 promotes cell adhesion via direct interactions with the G␤␥-Elmo-Dock and ITSN systems. These RhoGEFs form a previously uncharacterized signaling complex, which, based on our current findings, might have a potentially broad role in the signaling of ADGRs. ; and Elmo2 from Novus Biologicals (catalog no. 100-879). Elmo2 and Tyr(P)-713 Elmo2 were described previously (34); GPR124 was kindly provided by Dr. Brad St. Croix (NCI-Frederick) and described previously (4); Rac1 (610650) was from BD Transduction Laboratories, and ITSN antibodies were from Abcam (ab-118262) and Millipore (ABN-1378). Secondary antibodies used for Western blotting were monoclonal goat anti-mouse (KPL 074-1802) and goat anti-rabbit (Rockland Immunochemicals (catalog no. 611-1323) or KPL (catalog no. 074-1802)). Immobilon membranes were purchased from Millipore.
Experimental procedures
Plasmid constructs
The pcDNA3.1 plasmids with the Elmo constructs GFP-Elmo1, Myc-Elmo1, Myc-Elmo2, Myc-Elmo3, Myc-Elmo1 (1-315), Myc-Elmo1(1-495), Myc-Elmo1(315-727), and Myc-Elm1 (ELM domain) were described previously (55) . pCXN2-FLAG Dock180 was kindly provided by Dr. Michiyuki Matsuda (Kyoto University, Japan). 3ϫFLAG GPR124 GFP and 3ϫFLAG GPR124 were kindly donated by Dr. Brad St. Croix (4) (NCI-Frederick). pCDNA3-HA-Intersectin 1 and 2 were kindly donated by Dr. Susana de la Luna (56) (Medical and Molecular Genetics Center, IRO, Barcelona, Spain). cDNA encoding individual SH3 domains of intersectin 1 into pGEX-4T1 were kind gifts from Dr. Peter McPherson (48) (McGill University, Montreal, Canada) (Addgene, catalog nos. 47413, 47414, 47415, 47416, and 47417). mCherry VASP was kindly provided by Dr. Melanie Barzik (29) . SH3 domains of ITSN1/2 in tandem (from Val-743 to Thr-1213 for ITSN1 and from Val-760 to Thr-1185 for ITSN2) were cloned as 5Ј-BamHI/3Ј-EcoRI into pCEFL-GST and pCEFL-3ϫFLAG mammalian expression vectors. Intersectin 1/2 SH3 primers were 5Ј-ataGGATCCGTGTAT-TACCGGGCACTGTACC and 3Ј-ataGAATTCTGTGGT-CAGCTTCACATAATTGG (intersectin 1) and 5Ј-ata-GGATCCGTGAATTATAGAGCATTATACC and 3Ј-ataGAA-TTCTGTCGTCATCTTAACGTAGTTTGAAGG (intersectin 2). The GPR124 C terminus was generated by cloning GPR124-Cter (from Arg-1077 to Val-1338) as 5Ј-BamHI/3Ј-EcoRI enzyme restriction sites into pCEFL-GST vector and GPR124-⌬C-terminal (from Met-1 to Cys-1083) cloning as 5Ј-HindIII/3Ј-EcoRI into pCEFL-3ϫFLAG vector. The set of primers to obtain these constructs was as follows: 5Ј-ata-GGATCCAGAGCCTCGTGGCGCGCCTGC and 3Ј-ata-GAATTCTTAGACGGTAGTTTCGCTCTTCC; 5Ј-ataAAG-CTTATGGGCGCCGGGGGACGCAGG and 3Ј-ataGAA-TTCTTAGCAGGCGCGCCACGAGGCTCTCAC, respectively.
Cell culture and transfections
HEK293T, COS7, and HUVEC-CS cell lines were routinely grown in DMEM (Sigma) supplemented with 10 or 20% FBS (Gibco). HUVECs were cultured in M199 medium containing 20% FBS, endothelial cell growth supplement (0.05 mg/ml), and Figure 5 . GPR124-dependent cell adhesion is mediated by its interaction with ITSN, which directly interacts with Elmo-Dock180, forming a signaling complex that co-localizes with GPR124. A, working model. GPR124 interacts with the G␤␥-Elmo-Dock complex as well as with ITSN1/2. These atypical and conventional guanine nucleotide exchange factors also directly interact with each other, constituting a novel signaling complex that mediates GPR124-dependent cell adhesion. B, Elmo interacts with ITSN during cell adhesion. COS7 cells expressing full-length HA-ITSN1 and FLAG-GPR124 (as indicated) were left in suspension or adhering for 30 min. Then endogenous Elmo was immunoprecipitated, and interacting HA-ITSN1 was revealed by Western blotting. Preimmune rabbit IgG was used as a negative control for immunoprecipitation (first lane for suspension and adhesion conditions). C, endogenous Elmo directly interacts with ITSN1-SH3 A , ITSN1-SH3 C , and ITSN1-SH3 E domains. HEK293T cell lysates were incubated for 3 h at 4°C with individual recombinant GST-ITSN1-SH3 domains (A-E). GST pulldown assays were performed as described under "Experimental procedures." Endogenous Elmo specifically binds to SH3 A , SH3 C , and SH3 E domains of ITSN1 (PD, Western blotting, anti-Elmo). Recombinant GST-ITSN-SH3 domains are shown stained with Ponceau. D, the proline-rich (PXXP) motif in Elmo is required to bind the ITSN1-SH3 C domain. Cell lysates from HEK293T cells expressing either wild-type Myc-Elmo or PXXP* mutant Myc-Elmo were incubated for 3 h at 4°C with the recombinant GST-ITSN1-SH3 C domain, and the interacting Elmo was revealed by Western blotting with anti-Myc (top). The expression of Elmo in total cell lysates (TCL) is shown at the bottom. GST was used as a negative control in the pulldown assays. The interaction between Elmo and ITSN1-SH3 C domain was lost when the proline-rich region of Elmo was mutated. E, GPR124-dependent cell adhesion is inhibited by the ITSN1-SH3 A-E module. COS7 cells were transfected with GPR124 -GFP either with or without the FLAG-ITSN1-SH3 A-E module. Cell adhesion assays were performed for 30 min. GPR124-dependent cell adhesion was decreased in FLAG-ITSN1-SH3 A-E module-expressing cells. Basal adhesion of EGFP-CAAX-expressing cells was used as a reference. Bars, mean Ϯ S.E. (error bars). Statistics were performed by one-way ANOVA followed by Tukey's multiple-comparison post hoc test (*, p Ͻ 0.05; n ϭ 3). The middle panel shows the expression of FLAG-ITSN1-SH3 A-E module in total cell lysates, and actin was used as a loading control. Representative images showing adherent cells are shown at the bottom; insets show all fluorescent cells in the field before washing out non-adherent cells. F, GPR124, G␤␥, Elmo, and ITSN are detected in the isolated adhesion complex. Control and GPR124-transfected COS7 cells were left to adhere for 30 min on collagen IV or fibronectin-coated plates. Adherent cells were lysed, and proteins that remained attached to the plates were washed and recovered with Laemmli sample buffer. GPR124, G␤␥, Elmo, and ITSN were detected by Western blotting in the isolated adhesion complex as well as in total cell lysates. AKT was used to confirm that isolated adhesion complexes were not contaminated by nonspecifically bound cytosolic proteins and as a loading control in TCL. G, endogenous interaction between GPR124 and Elmo2 as well as between GPR124 and intersectin 1 in endothelial cells. Proximity ligation assays were performed in endothelial cells (HUVECs) using the indicated pairs of antibodies to detect endogenous GPR124 interacting with endogenous Elmo or with endogenous ITSN1. Individual antibodies were used alone as a control. The PLA signal per cell was quantified by ImageJ software. At least 30 cells were analyzed. The graph represents three independent experiments (mean Ϯ S.E., n ϭ 3). Representative pictures of PLA signals, depicted as red dots, are shown in the top and middle panels. Cell nuclei were stained with DAPI. H, endogenous GPR124 co-localizes with Elmo and ITSN at cell protrusions of adhering endothelial cells. Cell adhesion assays were performed on gelatin-coated glass coverslips for 30 min, followed by immunostaining to determine the localization of endogenous GPR124, Elmo, and ITSN proteins in HUVECs (white arrows). A representative cell observed by confocal microscopy is shown. Similar results were observed in 29 of 61 cells. heparin (0.1 mg/ml). HUVECs were used at passages Ͻ5. HEK293T and COS7 cells were transfected using Lipofectamine and Plus reagents (Invitrogen), according to the manufacturer's instructions. The assays were performed 48 h after transfection, and cells were serum-starved for 16 h before each experiment. Transfection efficiency was between 20 and 30%, and only EGFP-positive cells were counted in the adhesion assays. In the case of endothelial cells, they were starved for just 3 h before the experiments. Knockdown experiments were done by transfecting cells with 50 nM GPR124 siRNA, containing a pool of four siRNA sequences, siGenome human (M-005540-00-0005 siGENOME Human ADGRA2 25960) GPR124 or siRNA CTL SMARTpool (Dharmacon, Lafayette, CO), using Lipofectamine 2000 (Invitrogen). Transfected cells were used 48 h post-transfection. Knockdown efficiency was validated by quantitative PCR.
Immunoprecipitation, pulldowns, and immunoblotting
Cells grown in 10-cm dishes were washed with PBS and incubated on ice for 10 min with 1 ml of ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.5, 1% Triton X-100, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM NaF, 1 mM sodium orthovanadate, and 1 mM ␤-glycerol phosphate). Cell lysates were centrifuged at 13,000 rpm for 10 min at 4°C. The lysates were precleared with protein A/G-agarose beads before the addition of specific IgG antibodies or a nonspecific antibody (Jackson ImmunoResearch, 011-000-003), used as a control. Supernatants were incubated with 5 l of the indicated antibodies and incubated overnight at 4°C. The immune complexes were recovered by incubation for 3 h at 4°C with Protein G-agarose beads (30 l; Millipore 16-266). Beads were washed three times with ice-cold lysis buffer and boiled for 5 min in 1ϫ Laemmli sample buffer containing 2-mercaptoethanol. Immunoprecipitated proteins were resolved by SDS-PAGE and detected by Western blotting. Pulldown assays were performed with lysates from cells expressing GST-tagged proteins, which were incubated for 30 min with 25 l of glutathione-Sepharose beads (catalog no. 17-5279-01, GE Healthcare). The beads were collected by centrifugation and processed as described for immunoprecipitations. In the case of individual recombinant ITSN1-SH3 domains fused to GST, they were expressed in DH5␣ Escherichia coli and purified using glutathione-Sepharose beads (20 l), incubated for 3 h at 4°C, and washed three times with lysis buffer. Recombinant GST was used as a control. Proteins were quantified, resolved on SDS-PAGE, and stained with Coomassie Blue.
Rac1 and Cdc42 activation assays
Activation of Cdc42 and Rac1 was analyzed by using an affinity pulldown assay with the CRIB domain of PAK as a GST fusion protein (57) . Briefly, cells were washed with PBS containing 10 mM MgCl 2 and lysed with 1ϫ Triton X-100 buffer containing 10 mM MgCl 2 , phosphatases, and protease inhibitors. Cell lysates were incubated for 45 min with 30 l of GST-PAK CRIB beads at 4°C. Beads were centrifuged at 5,000 rpm for 1 min and washed three times with lysis buffer. Beads were then boiled for 5 min in 30 l of 1ϫ Laemmli buffer. Rac1 and Cdc42 proteins were detected by Western blotting.
Adhesion assay
COS7 cells expressing GPR124 -GFP were serum-starved overnight, and HUVECs were starved for 3 h with 2% FBS. Then cells were trypsinized for 5 min, collected with serum-free medium, and centrifuged at 1,000 rpm for 5 min. The pellet was suspended with serum-free medium plus 15 mM HEPES, and cells were incubated (2 h for COS7 cells and 20 min for HUVECs) in a rocking platform at 50 -75 rpm at 37°C. Then HUVECs at a density of 7 ϫ 10 5 cells were plated on Petri dishes precoated with 0.1% gelatin, and COS7 cells at a density of 3 ϫ 10 5 cells were plated on plastic Petri dishes. After 30 min, cells were washed three times with PBS and fixed with 4% paraformaldehyde (PFA). Images were taken to assess confluence and transfection efficiency before starting each experiment. COS7 cells transfected with GPR124 -GFP or EGFP-CAAX were quantified from five images using a ϫ10 objective with a Nikon Eclipse Ti inverted microscope and captured with a Digital Sight DS-Qi1Mc Nikon camera. HUVECs were subjected to GPR124 immunostaining, and images were taken with a LSM 710 confocal laser-scanning microscope (Carl Zeiss). To measure fluorescence intensity (pixels) at the cell periphery, three areas of adherent cells were selected. At least 45 areas were analyzed (n ϭ 3) by using Fiji ImageJ software, NIS-Elements software, and Zen software.
Polarity assay
Confluent HUVECs grown on coverslips were transfected with 50 mM siRNA against endogenous GPR124. 48 h posttransfection, cells were washed and starved for 5 h in M199 medium containing 1% FBS. Then a wound was made by using a 100-l pipette tip, and complete M199 medium containing 20% FBS was added for 30 min. Cells were fixed with 4% PFA and permeabilized in 0.1% Triton X-100. Nonspecific staining was blocked by incubation for 1 h with 1% BSA. Then cells were incubated with anti-GM130 antibody for 2 h at room temperature, followed by incubation for 1 h with Alexa Fluor 568conjugated goat anti-mouse antibody (Invitrogen) and Alexa Fluor 488 phalloidin. The samples were then counterstained with DAPI to stain the nuclei and analyzed with a Carl Zeiss confocal microscope. The orientation of the Golgi was assessed as described previously (58, 59) . Cells in which GM130 staining did not localize within a 120°angle facing the wound were considered as non-polarized cells. At least 100 cells near the wound edge were randomly examined, and the percentage of polarized cells was determined (n ϭ 3). Data are represented as mean Ϯ S.E. *, p Ͻ 0.05.
Immunofluorescence confocal microscopy
Glass coverslips were coated with 20 g/ml fibronectin or 0.1% gelatin for 30 min at room temperature. HUVECs were prepared for the adhesion assay as described above. Cells were fixed, permeabilized, and stained with primary antibodies at room temperature for 1 h at a 1:100 dilution. Cells were then incubated with species-specific appropriate secondary antibodies at a 1:100 dilution (anti-mouse 488, anti-rabbit 568, and anti-goat 688; Molecular Probes) and then stained with Alex Fluor 633 phalloidin 1:200 (Molecular Probes) for 20 min. Cells were then mounted using Fluoromont (Sigma-Aldrich) with
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DAPI and observed in an LSM 710 confocal laser-scanning microscope (Carl Zeiss). Images were acquired by using Zen software with a ϫ63/1.4 numeric aperture oil objective.
PLA
HUVECs were plated on a glass coverslip and used to perform PLAs, following the manufacturer's protocol (catalog no. DUO92004-30RXN Duolink In Situ, Sigma-Aldrich). The dilutions of the antibodies were as follows: GPR124 (1:100), ITSN1 (1:100), and Elmo2 (1:50). For quantification of the PLA signal, the numbers of red dots per field were divided by the number of cells (DAPI) to give an average of dots per cell. At least 30 cells/condition were analyzed in three independent experiments, and this was achieved using Fiji ImageJ software.
mRNA isolation and quantitative RT-PCR
Total RNA was extracted with an RNeasy minikit (Qiagen). 1 g of RNA was reverse-transcribed into cDNA by using Super-Script II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. RT-PCR was done using Taq DNA polymerase. GAPDH was used as a reference gene. The sequences of the primers are as follows: human GPR124, 5Ј-GGCACTGAGGTGAAGGGATA-3Ј (forward primer) and 5Ј-AGAAGGTGGAGATCGTGGTG-3Ј (reverse primer); human GAPDH, 5Ј-CCACTCCTCCACCTTTGAC-3Ј (forward primer) and 5Ј-ACCCTGTTGCTGTAGCCA-3Ј (reverse primer).
Statistical analysis
Polarity assays were analyzed using Student's t test. All other results were subjected to analysis by Kruskal-Wallis one-way ANOVA or Tukey test using GraphPad Prism software version 6.0. A value of p Ͻ 0.05 was considered significant. 
